Background: Longquan City, Zhejiang province, China, has been seriously affected by hemorrhagic fever with renal syndrome (HFRS) since the first cases were registered in 1974. To understand the epidemiology and emergence of HFRS in Longquan, which may be indicative of large parts of rural China, we studied long-term incidence patterns and performed a molecular epidemiological investigation of the causative hantaviruses in human and rodent populations.
Introduction
Hantaviruses are important zoonotic pathogens. Although they can establish a persistent and asymptomatic infection in their natural rodent reservoirs [1] , in humans hantaviruses can cause two severe diseases: hemorrhagic fever with renal syndrome (HFRS) and hantavirus (cardio) pulmonary syndrome (HPS) [2] . In Eurasia HFRS is associated with Hantaan virus (HTNV), Seoul virus (SEOV), Amur/Soochong virus (ASV), Dobrava-Belgrade virus (DOBV), Saaremaa virus (SAAV), Sochi virus, and Puumala virus (PUUV), whereas HPS is due to the infection of Sin Nombre virus (SNV), Andes virus (ANDV), and other viruses in the Americas [2, 3] . The clinical severity of HFRS is related to the etiologic agents involved [4] [5] [6] [7] [8] , with DOBV and HTNV being the most dangerous representatives, with fatality rates of up to 15% [4] [5] [6] [7] . In contrast, SEOV usually causes a milder form of HFRS with a mortality rate of approximately 1% [6, 7] . PUUV causes a mild disease referred to as nephropathia epidemica (NE) with a mortality rate ranging from 0.1% to 0.3% in Europe [5, 8] . HFRS cases caused by HTNV mainly occur in the winter, while the HFRS cases caused by SEOV peak in the spring and summer [9] , and which likely reflects occupation-connected differences in exposure to rodents in different seasons.
Following the implementation of comprehensive preventive measures and socioeconomic development, the numbers of HFRS cases and fatalities in China have decreased dramatically, although remain the highest globally [7] . In China, the most prevalent hantaviruses are HTNV and SEOV carried, respectively, by the striped field mouse (Apodemus agrarius) and Norway (or brown) rat (Rattus norvegicus) [6, 7, 9, 10] . To date, only these two viruses have been identified to cause HFRS in China. However, hantaviruses from bats, insectivores, and rodents (e.g. Dabieshan virus (DBSV), Gou virus (GOUV), Longquan virus (LQUV), Thottapalayam virus (TPMV)) have also been documented [7, [11] [12] [13] [14] [15] , although whether they are associated with human disease is unclear.
Longquan is a county-level city located in the southwestern part of Zhejiang Province. It includes both urban and rural areas, with a population of approximately 280,000. More than 90% of the Longquan's total area is mountainous. In 1974, the first HFRS case was recorded in Longquan. Since that time, Longquan has been one of the most severely affected regions in Zhejiang and in China as a whole. However, little is known about the epidemiology and etiologic agents of HFRS in this region. Our recent surveys in Longquan revealed at least nine species of rodents and insectivores, with A. agrarius and R. norvegicus dominant in rural and residential areas, respectively [16] . Herein we report the changing incidence of HFRS in Longquan, the genetic characterization of the etiologic agents (hantaviruses) circulating in local rodents, and their connection to the human population.
Materials and Methods

Ethics statement
This study was reviewed and approved by the ethics committee of National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention (Chinese CDC). All animals were treated in strict according to the guidelines for Laboratory Animal Use and Care from the Chinese CDC and the Rules for the Medical Laboratory Animal (1998) from the Ministry of Health, China. These protocols were approved by the National Institute for Communicable Disease Control and Prevention of the China CDC. All surgery was performed under ether anesthesia, and all efforts were made to minimize suffering. Collecting human serum samples from HFRS patients was also approved by the ethics committee of National Institute of Communicable Disease Control and Prevention of the China CDC, according to the medical research regulations of Ministry of Health, China. A signed individual written informed consent was obtained from each of five patients when their blood samples were collected. [9] . The reaction pattern of positive serum was characterized as scattered and green granular cytoplasmic fluorescence in hantavirusinfected Vero E6 cells. The incidence rates of HFRS during
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Author Summary
Hemorrhagic fever with renal syndrome (HFRS) is a major public health problem in China despite human vaccination. We investigated the epidemiology and emergence of HFRS in Longquan (Zhejiang Province), a rural area with a high incidence of HFRS. During 1974-2011, a total of 1866 cases of HFRS were recorded in Longquan, including 20 deaths. Strikingly, phylogenetic analyses of viral sequences sampled from local rodents in Longquan revealed the presence of novel variants of Gou virus (GOUV) in Rattus sp. rats and Hantaan virus (HTNV) in the stripe field mice, respectively. Moreover, viral sequences sampled from infected humans in Longquan were very closely related to those from rodents. Overall, these data indicate that there is a continual spillover GOUV and HTNV from rodents to humans in Longquan, and this might be responsible for the high prevalence of HFRS. As well as highlighting the importance of the human-animal interface, these data also suggest that GOUV is now the major cause of HFRS in this region. 
Animal samples
Small mammals were trapped in fields and residential areas in Longquan during 2008-2011. Cages with a treadle release mechanism were used for live trapping according to the protocols described previously [17] . Traps were set in the same fields or residential areas during each season. Lung and kidney samples were collected from the trapped animals and stored in liquid nitrogen. All surgery was performed under ether anesthesia to reduce suffering. Ethanol-cleaned instruments were used for each animal.
Detection of hantavirus antibody or antigen
Serum samples collected from five patients who suffered from acute HFRS during 2009-2011 were also studied. These serum samples were tested by IFA using HTNV-infected or GOUVinfected Vero-E6 cells as antigens [18] . The secondary antibody used was fluorescei-isothiocyanate-conjugated goat anti-human IgG or IgM (Southern Biotech, Birmingham, Alabama, USA).
Hantavirus antigen in lung or kidney tissues from rodents and insectivores was detected by IFA as described previously [18] , with rabbit antibodies against the mixed antigens of HTNV/76-118 and SEOV/L99 prepared in this laboratory as the primary antibodies and FITC-labeled goat anti-rabbit IgG antibodies used as the secondary antibodies (Sigma, St. Louis, MO, US).
Generally, lung tissues were tested first, and kidney tissues were tested if lung tissues were found to be negative.
RT-PCR and sequencing
Total RNA was extracted from hantavirus antigen-positive lung and kidney tissues, and human serum samples, using the TRIzol reagent (Invitrogen, San Diego, CA) according to the manufacturer's instructions. cDNA of the Small (S) and Medium (M) segments of the hantavirus genome was prepared with AMV transcriptase (Promega, Beijing, China) in the presence of primer P14 [19] . Partial or complete sequences of the S and the M segments were amplified as described previously [10, 20, 21] . All voles and insectivores were also screened for hantaviruses using RT-PCR as described previously [22] . DNA products were purified by a QIAquick Gel Extraction kit (QIAGEN, Beijing, China) and subjected to direct sequencing using the ABI-PRISM Dye Termination Cycle Sequencing ready reaction kit and a ABI-PRISM3730 genetic analyzer (Applied Biosystems, Carlsbad, CA, USA).
Phylogenetic analysis
The genome sequences of hantaviruses were aligned using the ClustalW method implemented in the Lasergene program, version 5 (DNASTAR, Inc., Madison, WI). Nucleotide (nt) and amino acid (aa) sequence similarities were calculated using DNAStar. Phylogenetic trees for each segment were inferred using the Bayesian method implemented in MrBayes 3.1 [23] and the Maximum likelihood (ML) method available in the RAxML Blackbox webserver [24] , employing the best-fit GTR+I+C model of nucleotide substitution as determined using jModeltest [25] . Trees were visualized with the TreeView software [26] .
Accession numbers
The GenBank accession numbers for the sequences obtained here are JQ912697 to JQ912907, and KC344236 to KC344269 (Table S2) .
Results
Prevalence of HFRS in Longquan, China
The first clinical HFRS case in Longquan was reported in 1974 ( Figure 1 ). During the 38-year period between 1974 and 2011, a total of 1,866 HFRS cases were registered in this city. Only nine cases were recorded in the 1970s, such that the annual incidence 
Seasonal distribution of HFRS cases
The seasonality of HFRS noted above may provide important clues to its cause [9] . We therefore analyzed the seasonality of HFRS in Longquan for different time periods during 1974-2011. HFRS cases occurred in winter (November to January) and in spring/summer (May to July) at respective frequencies of 49.66% and 14.51% during 1974-1990, 38.18% and 24.18% in 1991-2000, and 36.20% and 31.31% in 2001-2011 ( Figure 2 ). As the peak of HFRS associated with rats occurred in the spring, whereas HFRS associated with mice occurred mainly in the winter [9] , the recent increase in cases in spring/summer suggests a rising disease toll due to rat-associated hantavirus(es) in Longquan. A similar seasonal shift, from mice-dominated to rat-dominated transmission, has been reported in other HFRS endemic regions [27] .
Hantavirus infection in small mammals
To analyze genetic diversity in the natural hantavirus reservoir and its relationship to those viruses found in humans, a total of 2,652 small mammals, representing 10 species of rodents and 3 species of insectivores (Table 1) , were captured in Longquan during 2008-2011. A. agrarius mice and M. fortis voles were the dominant field species, accounting for 41.82% (1109) and 18.17% (482) of all small mammals collected, respectively. However, in residential areas the dominant species were rats of the family Rattus including 425 R. losea (16.02%), 372 R. norvegicus (14.03%), and 201 R. flavipectus (7.58%). Using IFA and RT-PCR, hantavirus antigens were detected in a total of 118 rodents including 78 A. agrarius (7.03%), 5 M. fortis (1.04%), 32 R. norvegicus (8.60%), and 3 R. flavipectus (1.49%). No hantaviruses were found in insectivores. Thus, the etiologic agents of HFRS cases in Longquan were likely hantaviruses carried by A. agrarius mice and R. norvegicus rats.
Serologic and phylogenetic analyses
Serum samples from five human patients were collected on day 1 of hospitalization. Samples were tested for IgM and IgG antibodies by IFA using GOUV-or HTNV-infected cells (Table  S1 ). Three serum samples showed higher IgM and IgG titers in HTNV-specific IFA, and one in GOUV-specific IFA. One sample showed higher IgM titers in HTNV-specific IFA, but with the same titers in HTNV-or GOUV specific IFA, suggesting crossreactivity of HTNV with GOUV.
To further characterize the etiologic agents of human infection in Longquan, complete or partial hantavirus M segment sequences were recovered from 118 hantavirus antigen-positive rodent samples (Table S2 ). In addition, complete S segment sequences were amplified from all 118 hantavirus antigen-positive rodent lung tissues, and partial S segment sequences were recovered from the five human serum samples collected from patients with acute HFRS.
Notably, the sequences recovered from 78 A. agrarius, 5 M. fortis, and 4 human samples were very closely related to each other, with 98.2-100% nt and 98.4-100% aa sequence identities in the M segment and 98.6-100%/99.3-100% identities in the S segment. This similarity is indicative of direct viral transmission from rodents to humans. To determine the phylogenetic relationships among the viruses described here and to known hantaviruses, phylogenetic trees were estimating using the M and S segment sequences (in which Bayesian and ML methods produced similar topologies). Most notably, the sequences sampled from A. agrarius mice, M. fortis voles, and humans clustered together and formed a distinct and well-supported lineage in both trees (Figures 3-4) . Interestingly, these strains also exhibited a close evolutionary relationship to strains HTNV and Z5 previously isolated from A. agrarius mice in Zhejiang Province [28] .
All hantavirus sequences recovered from rats were very closely related to each other, with 97.5-100% nt and 98.5-100% aa sequence identities in the M segment and 98.5-100%/98.6-100% identities in the S segment. The partial S segment sequence recovered from the serum of a human patient in which high titers of IgG antibodies against GOUV had been detected (Table S1) was very closely related to sequences recovered from rats (98.9-99.5%/99.2-100%). Remarkably, these hantavirus sequences were closely related to previously described variants of GOUVGou3, ZJ5, YongjiaRf45 and YongjiaRn14 -but more distant from variants of SEOV. In phylogenetic trees of the M or S segments those strains from Rattus rats (R. flavipectus and R. norvegicus) and human clustered together, forming a distinct and strongly supported cluster (posterior probabilities of 1.0 for both M and S sequences) within the broader group of GOUV sequences (Figures 3-4) . This phylogenetic pattern is indicative of a new genetic variant of GOUV in Longquan.
Discussion
HFRS was a serious problem in China during the 1980 and 1990s [7, 9] . As a result of comprehensive preventive measures and improved living conditions, the incidence of HFRS in China has declined dramatically during the last decade [7] . Because of favorable ecological conditions and low socioeconomic status in rural areas, farmers have frequently been the major victims of HFRS, both inside and outside of China [5, 7, 9, [29] [30] [31] . The annual number of registered HFRS cases in Longquan has decreased, from 138 in 1998 to 46 in 2011, with a similar pattern observed in other parts of China [7, 32] . However, the incidence rate (.10 cases/100,000 population) in this region is still the highest in China despite ongoing vaccination. Considering the dramatic decrease in the rural population of Longquan in recent years (at least 30% of the rural population had moved into cities or towns by the end of 1990s), the real incidence rate of HFRS in rural areas may be much higher than reported here. In addition, the prevalence of hantavirus infection is high in rodents in both rural and residential areas in Longquan, especially GOUV in Norway rats (.8%). Thus, hantavirus infection will likely remain a major public health problem for the foreseeable future in Longquan city.
GOUV was first isolated from R. rattus captured in Zhejiang Province in 2000 [11] , and initially considered as a variant of SEOV [10, 11] . However, GOUV is distinct from SEOV both serologically and genetically [11] and is found in a different rat species (R. rattus, R. flavipectus). Such distinction means that GOUV is currently defined as a tentative hantavirus species by the International Committee on Taxomony of Viruses (ICTV) [14] . In this study hantavirus variants originating from rats (R. flavipectus and R. norvegicus) from Longquan were most closely related to GOUV, forming a distinct and strongly supported lineage in both the M and S segment trees. Hence, these data suggest that the hantavirus variants carried by Rattus rats in Longquan represent a new genetic variant of GOUV. As no SEOV or other hantaviruses have been found in Rattus rats from Longquan and the sequences recovered from one patient in Longquan belonged to GOUV, our data clearly indicate that GOUV carried by Rattus rats (R. flavipectus and R. norvegicus) can cause human disease, and that there is ongoing spillover from the rodent reservoir to the human population. This is the first report of GOUV being associated with human HFRS cases since its discovery in 2000 [11] . Accordingly, further studies are needed to determine the pathogenicity and severity of GOUV in humans, as well as the possibility of humanto-human transmission.
Similar to other hantaviruses [2, 33] , HTNV exhibits considerable genetic diversity and displays a geographic clustering of genetic variants, especially in mountainous regions [34] . To date, at least nine genetic lineages of HTNV have been found in Apodemus mice in Eastern Asia [34] . In this study, the virus sequences recovered from Apodemus mice and Microtus voles in Longquan formed a distinct lineage within HTNV in both the M and S segment trees, suggesting that a new genetic variant of HTNV is circulating in Longquan. Our earlier studies in the northeast and central parts of China documented Yuanjiang virus (YUJV) and Vladivostok virus (VLAV) in M. fortis voles, respectively [35] . However, these viruses were not detected in the Microtus voles from Longquan. Additional study is needed to determine if these viruses are present and whether they are pathogenic to humans in the HFRS-affected region.
Previous investigations revealed that HFRS caused by HTNV transmitted by Apodemus mice occurred mainly in winter, while the peak of HFRS caused by hantaviruse(s) transmitted by Rattus rats was in spring [9, 36, 37] . The seasonal analyses of HFRS cases performed here indicated that most of the HFRS cases registered in Longquan during 1974-1998 occurred in winter, in turn suggesting that human infections were due to HTNV. However, during the last decade the peak of HFRS has shifted to the spring in Longquan, with a similar pattern observed in other HFRS endemic regions [27] . In addition, GOUV was highly prevalent in R. norvegicus in residential areas, and more so than HNTV in Apodemus mice (prevalences of 8.60% and 7.03%, respectively). In sum, these data suggest that hantavirus(es) carried by rats may have become the major cause of HFRS in Longquan city over the past decade.
In conclusion, we have shown that hantavirus infection is endemic in both humans and rodents in Longquan, with the latter acting as a major reservoir for the former. Epidemiological and phylogenetic analyses indicate that GOUV and HTNV are circulating in local rodents and have a direct connection to the human population. As rats (Rattus species) are more mobile than the hosts of other hantaviruses [10] , this study strongly reinforces the need for vigilance in preventing the spillover of GOUV from rats in China.
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